Post-transcriptional modifications in mitochondrial tRNAs (mt-tRNAs) play critical roles in mitochondrial protein synthesis, which produces respiratory chain complexes. In this study, we used mass spectrometric analysis to map 5-methylcytidine (m 
Although NSUN2 is predominantly localized to the nucleus and introduces m 5 C into cytoplasmic tRNAs and mRNAs, structured illumination microscopy (SIM) clearly revealed NSUN2 foci inside mitochondria. These observations provide novel insights into the role of NSUN2 in the physiology and pathology of mitochondrial functions.
INTRODUCTION
The mitochondrion is a eukaryotic organelle that performs aerobic respiration through the electron transport chain and oxidative phosphorylation, thereby generating chemical energy in the form of ATP. Mitochondria have their own genome (mitochondrial DNA: mt-DNA) and a devoted gene expression system, consisting of transcriptional and translational machinery, that produces 13 subunits of respiratory chain complexes encoded in mt-DNA (1-3).
In mammals, the mitochondrial translational apparatus requires 22 species of mitochondrial (mt-)tRNAs encoded in mt-DNA. Long polycistronic precursor RNAs are transcribed from both strands of mt-DNA and processed into rRNAs, mRNAs, and tRNAs.
Because mt-tRNAs lie between mRNAs and rRNAs in the precursor RNAs, mt-tRNA processing results in separation of mRNAs and rRNAs (4) . During the process of maturation, mt-tRNAs undergo various post-transcriptional modifications (3) . We previously identified 15 species of modified nucleosides at 118 positions in all 22 mttRNAs of bovine mitochondria (5) . mt-tRNAs are more heavily modified than mt-rRNAs, which are modified at only ten positions in the 12S and 16S rRNAs (6) . In particular, a wide variety of modifications are present in the anticodon region of tRNAs (3) , and these modifications play critical roles in the precise decoding of genetic codes (7) .
The functional and physiological importance of mt-tRNA modifications is highlighted by the observation that mt-tRNAs are hypomodified in the cells of patients with mitochondrial diseases (3, 8) . We previously reported that 5-taurinomethyluridine (τm A) occurs at position 37, 3'-adjacent to the anticodon of five mt-tRNA species (5) . We also showed that YRDC and OSGEPL1 are responsible for t 6 A37 formation, and demonstrated that OSGEPL1-knockout cells exhibit mitochondrial dysfunction (15) . Moreover, we found that levels of t 6 A37 are reduced in mutant mt-tRNA isolated from the cells of patients with MERRF-like symptoms (15) .
Modifications in the anticodon region of mt-tRNAs are required for mitochondrial translation, and the absence of these modifications has pathological consequences. By contrast, the physiological importance of modifications in the tRNA body region of tRNAs remains elusive. 5-methylcytidine (m (28, 29) and decreases the steady-state levels of ct-tRNAs (27) . In addition, these tRNA fragments inhibit cap-dependent translation (30, 31) . Loss-of-function mutations in the human NSUN2 gene are associated with autosomal recessive intellectual disabilities such as Dubowitz syndrome (26, 32) , and Nsun2 KO mice exhibit weight loss, microcephaly, male infertility, and partial alopecia (33) . Despite our knowledge of the importance of m 
MATERIALS AND METHODS

Cell culture
HeLa and HEK293T cells, and mouse embryonic fibroblast (MEFs) were cultured at 37°C in an atmosphere containing 5% CO2 in Dulbecco's modified Eagle's medium (DMEM, Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin-streptomycin (PS, FUJIFILM Wako Pure Chemical Corporation).
Animals
Nsun2
-/-mice (gene trap clone ID 21-B114 in the EGTC database, http://egtc.jp/) (35) were provided by the Center for Animal Resources and Development (CARD) at Kumamoto University. Animals were housed at 25°C with 12h light and 12h dark cycles.
To generate MEFs, male and female Nsun2 +/-mice were mated, and embryos were dissected out at day 14 of gestation. Embryo head and liver were removed for genotyping, the remaining tissues were treated with trypsin for 10 min at 37°C. Primary MEFs were seeded in 10 mm dishes and stored at passage number 2. All animal procedures were approved by the Animal Ethics Committee of Kumamoto University (Approval ID: A29-016R3).
Construction of NSUN2 KO cell lines
Oligonucleotide sequences used for gene editing are listed in Table S1 . NSUN2 KO HEK293T cell lines were constructed using the CRISPR-Cas9 system as described previously (13, 36) . In brief, sense and antisense oligonucleotides for a single guide RNA (sgRNA) were cloned into pX330 (Addgene plasmid #42230) (37) . HEK293T cells seeded on 24-well plates were co-transfected with 300 ng pX330 containing the sgRNA sequence, 100 ng pEGFP-N1 (Clontech), and 100 ng modified pLL3.7 vector containing a puromycin resistance gene. Transfections were performed using FuGENE HD (Promega). The following day, the cells were sparsely seeded in a 100 mm dish, and transfectants were selected with 1 μg/mL puromycin. Transfection efficiency was assessed by monitoring EGFP fluorescence. A few days after the transfection, several colonies were isolated and grown for an additional week. The sequence of the targeted region in each selected clone was confirmed by direct sequencing of genomic PCR products. PCR primer sequences are provided in Table S1 .
RNA preparation, tRNA isolation, and mass spectrometry Total RNA from culture cells was prepared by a standard acid guanidium-phenolchloroform (AGPC) method (38) . Individual mt-tRNAs were isolated by reciprocal circulation chromatography (RCC) (39) . DNA probe sequences complementary to each mt-tRNA are listed in Table S1 . Capillary LC-nano-ESI-mass spectrometry (RNA-MS) of mt-tRNA fragments digested by RNase T1 was performed as described (5, 40) .
Northern blotting
Total RNA (2 μg) from mouse liver was separated by 10% denaturing polyacrylamide gel blotting of tRNAs was performed using PerfectHyb (Toyobo) at 48-55°C with 4 pmol of labeled DNA probes specific to tRNAs and 3 pmol of a labeled DNA probe (mixed with 9 pmol of non-labeled probe) specific for 5S rRNA. The membrane was washed six times with 1× SSC (150 mM NaCl and 15 mM sodium citrate, adjusted to pH 7.0 with citric acid), and exposed to an imaging plate (BAS-MS2040, Fujifilm). Radioactivity was visualized on an FLA-7000 imaging system (Fujifilm). To quantify the steady-state level of the target tRNA, the radioactivity of the tRNA band was normalized against the 5S rRNA band.
Expression and isolation of NSUN2
Human NSUN2 cDNA was reverse-transcribed from total RNA of HeLa cells, amplified using primers listed in Table S1 , and cloned into the entry vector pENTR/D-TOPO (Invitrogen). The gene cassette containing the entry clone was then transferred to a modified pDEST12.2 (Invitrogen) harboring a C-terminal FLAG tag. was transcribed in vitro with T7 RNA polymerase as described (41) . Oligonucleotide sequences for preparation of template DNA are listed in Table S1 .
The transcript was run on a 10% denaturing PAGE gel, and the intact tRNA band was excised from the gel, followed by tRNA extraction. In vitro methylation was performed at 37°C for 2 h in 50 μL of a reaction mixture consisting of 20 mM HEPES-KOH (pH 
Fluorescence microscopy
HeLa cells grown on poly-L-lysine-coated coverslips were incubated in 5% CO2 at 37°C Invitrogen A-21422) and Alexa fluor 488 (1:1000; Invitrogen A-11008) were subsequently used respectively. The coverslips were observed using a confocal microscope (FV3000; Olympus).
Super-resolution structured illumination microscopy (SR-SIM)
Super-resolution imaging was performed on an ELYRA PS.1 microscope (Carl Zeiss) equipped with a alpha Plan-Apochromat 100×/1.46 Oil DIC M27 ELYRA objective and EM-CCD camera (12.1 × 12.1 µm 2 field consisting of 256 × 256 pixels) as previously reported (43) . To observe mitochondrial foci of NSUN2, 20 Z-series images were obtained at 100 nm intervals with the 561 nm and 481 nm lasers, and SIM images were calculated using default settings with theoretically predicted point-spread function parameters. For channel alignment, 0.2 μm multicolored beads (TetraSpec Microspheres, Thermo Fisher) immobilized on a sample coverslip were imaged using the same acquisition settings, and the resultant images were used to correct for chromatic shifts between color channels. Images were processed using the ZEN software (Carl Zeiss).
Pulse labeling of mitochondrial protein synthesis
The pulse-labeling experiment was performed essentially as described (13) . WT and NSUN2 KO HEK293T cells (2.0 × 10 6 ) were cultured at 37°C in 5% CO2 for 10 min in methionine-, glutamine-, and cysteine-free DMEM (Gibco) supplemented with 2 mM Lglutamine, 10% FBS, and 50 μg/mL emetine (to inhibit cytoplasmic protein synthesis). For human culture cells, we knocked out the NSUN2 gene in HEK293T cells using CRISPR/Cas9, yielding two KO cell lines (KO #1 and KO #2) in which both alleles harbored a homozygous frameshift deletion ( Figure 2D ). We then isolated six mt-tRNAs from NSUN2 KO cells and subjected them to RNA-MS. As expected, no m For these experiments, human NSUN2 fused with a C-terminal FLAG tag was expressed in HEK293T cells and immunoprecipitated with anti-FLAG antibody. As a substrate, we prepared an in vitro transcript of human mt-tRNA Ser(AGY) , which was incubated with human NSUN2 and S-adenosylmethionine (SAM). After the reaction, the tRNA substrate was digested with RNase T1 and subjected to RNA-MS. We clearly detected RNA fragments bearing mono-, di-, and trimethylations ( Figure 3A) . CID analysis revealed that trimethylation occurred at cytidines at positions 48-50 ( Figure 3B ). This result is consistent with our observation that human mt-tRNA 
Subcellular localization of endogenous NSUN2
NSUN2 is predominantly localized to the nucleus (32) . To explore the possibility that some of the enzyme is targeted to mitochondria, we immunostained endogenous NSUN2 in HeLa cells with anti-NSUN2 antibody and visualized the protein by confocal microscopy. Most NSUN2 signal was observed in nucleus ( Figure 4A ), as reported previously (32) , but some of the signal was dispersed in the cytoplasm and partially overlapped with mitochondria ( Figure 4A ). We further investigated cytoplasmic NSUN2 signals using super-resolution structured illumination microscopy (SR-SIM) (46) . The increase in both the lateral (x-y axis) and axial (z-axis) resolution of SR-SIM enabled visualization of the cytoplasmic NSUN2 signal inside mitochondria ( Figure 4B) . Figure S5 ). We also analyzed steady-state levels of several subunits of the mitochondrial respiratory chain complexes by western blotting, and found no significant change upon NSUN2 KO ( Figure 5C ). To explore the mitochondria-related phenotypes of NSUN2 KO cells, we compared cell growth in galactose vs. glucose (48) . As reported previously (13) , growth was dramatically slowed in NSUN3 KO cells cultured in galactose medium. NSUN2 KO cells grew well in glucose medium, and slightly slower than WT cells in galactose medium ( Figure 5D ). But, this is not a significant result. Taken together, these observations indicate that NSUN2 KO has a limited impact on mitochondrial translation and respiratory activity, notwithstanding the absence of m 5 C modification in mt-tRNAs.
DISCUSSION
In this study, we demonstrated that NSUN2 is partially localized to mitochondria and Using SR-SIM, we clearly detected NSUN2 in mitochondria. In general, mitochondria-localized proteins have a mitochondria-targeting sequence (MTS) in their N-terminal region (49) . However, human NSUN2 does not appear to contain an apparent MTS, and it is not described as having a mitochondrial localization in the MitoMiner database (50) . Instead, human NSUN2 is predicted by WoLF PSORT to be localized to the nucleus (51) . Consistent with this, we observed a strong NSUN2 signal in the nucleus of human cells ( Figure 4A ), as reported previously (32) . However, the observation of clear foci in the mitochondria indicates that NSUN2 does in fact have a weak MTS. In further support of mitochondrial localization, NSUN2 foci co-localized with the signals of BrU-labeled RNA in mitochondria ( Figure 4C ), and were adjacent to the signal for TFAM ( Figure 4D ), a transcription factor that covers mt-DNA to form a nucleoid structure. BrU-labeled RNA in mitochondria constitutes mitochondrial RNA granules (MRGs) (52) , which are sites for mitochondrial RNA processing and ribosome biogenesis, in close proximity to TFAM-stained nucleoids. Multiple factors for RNA modification and processing are localized to MRGs (53) . We speculate that NSUN2 is a novel A structural hallmark of animal mt-tRNAs is the absence of the canonical D-loop/T-loop interaction (3, 60, 61) ; instead, the D-arm and extra loop interactions, including the G15-C48 Levitt pair, are conserved in most mt-tRNAs, and play critical roles in tRNA folding and stability (3, 62) . In the crystal structure of tRNAs (63) 
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